It has been convincingly argued 1-3 that molecular machines that manipulate individual atoms, or highly reactive clusters of atoms, with Ångström precision are unlikely to be realized. However, biological molecular machines routinely position rather less reactive substrates in order to direct chemical reaction sequences, from sequence-specific synthesis by the ribosome 4 to polyketide synthases [5] [6] [7] , where tethered molecules are passed from active site to active site in multi-enzyme complexes. Artificial molecular machines [8] [9] [10] [11] [12] have been developed for tasks that include sequencespecific oligomer synthesis 13-15 and the switching of product chirality [16] [17] [18] [19] , a photo-responsive host molecule has been described that is able to mechanically twist a bound molecular guest
, and molecular fragments have been selectively transported in either direction between sites on a molecular platform through a ratchet mechanism 21 . Here we detail an artificial molecular machine that moves a substrate between different activating sites to achieve different product outcomes from chemical synthesis. This molecular robot can be programmed to stereoselectively produce, in a sequential one-pot operation, an excess of any one of four possible diastereoisomers from the addition of a thiol and an alkene to an α,β-unsaturated aldehyde in a tandem reaction process. The stereodivergent synthesis includes diastereoisomers that cannot be selectively synthesized 22 through conventional iminiumenamine organocatalysis. We anticipate that future generations of programmable molecular machines may have significant roles in chemical synthesis and molecular manufacturing.
The unloaded form of programmable molecular machine 1 features a terminal alkene that enables attachment of an α ,β -unsaturated aldehyde substrate to an arm that can be steered by a pH-responsive rotary switch embedded in a rigid platform bearing two chiral activating sitesprolinol silyl ethers-of opposite handedness (Figs 1 and 2) . Control of the rotary switch allows the substrate to be positioned in close proximity to a selected activating site at any given stage of the machine operation. Condensation of the substrate with an activating site initiates an iminium-or enamine-promoted reaction. The asymmetric tandem addition of a nucleophile and an electrophile to an α ,β -unsaturated aldehyde under chiral prolinol silyl ether catalysis is widely used in organic synthesis to generate complex molecular structures with excellent enantio-and diastereocontrol 23, 24 . However, the approach typically only allows access to the syn diastereoisomers; the corresponding anti isomers generally cannot be selectively generated through tandem iminium-enamine organocatalysis 25, 26 . The stereochemical outcome of the tandem transformations promoted by 1 is dictated by the position of the arm at each stage. Accordingly, the machine can be programmed to selectively produce any of the full matrix of stereoisomeric products through different sequences of inputs (Fig. 1) .
The chemical structure of molecular machine 1 is shown in Fig. 1 . The design features the two prolinol silyl ethers of opposite handedness connected to the quinoline stator of an acyl hydrazone rotary switch 27, 28 via triazole linkages. The substrate, an α ,β -unsaturated aldehyde, is attached to the arm through an ester linkage. The ester group is sufficiently robust to withstand the assembly process and machine operation, yet allows the product to be released from the machine, by reductive cleavage, at the end of the program of reactions. Incorporation of the quinoline stator into the platform ensures that the substrate and the chosen activating site are held in fixed relative orientations in both configurations of the hydrazone switch 21 , which can be varied from 4:1 E:Z to 1:9 E:Z under the conditions of machine operation. The para-substituted phenyl ring adds rigidity to the arm, preventing the substrate from overreaching to the undesired activating site, while the four-carbon chain affords sufficient degrees of freedom for the substrate to interact with the chosen activating site without having to adopt unfavourable strained conformations. The programs were performed at dilute (mM) concentrations of the machine in order to favour intra-machine over intermolecular reactions 13, 14, 21 . Four different programs (A, B, C and D) for the sequential one-pot operation of loaded molecular machine 2 are shown in Fig. 2 . The reagents and conditions for each stage are essentially the same across all programs; the programs differ in whether a stage is used or not and the order in which these stages are applied within a program. The assembly is initiated by a cross-olefin-metathesis reaction (with acrolein dimethyl acetal) that loads the substrate onto the arm (Fig. 2 , stage I), followed by deprotection of the masked aldehyde (Fig. 2 , stage II, CF 3 COOH (2.2 equiv.)). Fig. 3a and Fig. 3b show the partial 1 H nuclear magnetic resonance (NMR) spectra of machine 2 before and after stage I, respectively. Downfield shifts of proton H a , from 4.78 parts per million (p.p.m.) to the aldehyde region (9.51 p.p.m.), and alkene protons H b and H c are indicative of hydrolysis of the dimethyl acetal to the α ,β -unsaturated aldehyde (Fig. 3c) . A decision on the state of the switch ( Reductive cleavage of the substrate (Fig. 2, stage VII) reduces the aldehyde and ester groups, releasing the substrate from the molecular machine to afford product 4. The outcome of each program (A-D) was analysed by chiral high-performance liquid chromatography (HPLC) and compared to authentic standards of each of the four possible stereoisomers of 4 (Supplementary Information section S1.3). For each program, the conversions and diastereomeric and enantiomeric ratios of the product mixture were determined by (chiral) HPLC and 1 H NMR spectroscopy and the absolute configuration of the major stereoisomer identified (Fig. 2) . The stereochemistry of each chiral centre in the product was anticipated to show dependence on the handedness of the activating site used in the step that forms that centre. However, the results (Fig. 2) show that while the absolute configuration is determined by the activating site handedness (R or S) during iminium activation (stage IV), the relative configuration (syn or anti) is determined by the switch state (E or Z) during enamine activation (stage VI). Inset, switching process. b, The molecular machine's response to command inputs in program D.
letter reSeArCH Each of the four stereoisomers of 4 is the major product of a different program of the molecular machine ( The absolute configuration of C3 (carbon 3) in the product of all four programs is determined by the handedness of the activating site at stage IV (iminium activation): (3R) configuration for reactions at the (S)-activating site (programs A and B); (3S) configuration for reactions at the (R)-activating site (programs C and D). However, contrary to the original design concept, it is not the handedness of the activating site but the state of the switch during stage VI (enamine activation) that determines the relative configuration of C2 with respect to C3: when the switch is in the E configuration (programs A and D) the addition of R 2 to C2 occurs syn to the substituent at C3, whereas the anti diastereoisomer is generated when the switch is in the Z state (programs B and C).
The contrasting behaviour of the two configurational states of the machine presumably results from the transiently formed macrocyclic intermediates produced upon enamine formation having different conformations, sizes and shapes on the different sides of the machine (Fig. 4) . This issue illustrates the conceptual complexity involved in designing multi-component molecular machines in which the different parts have interacting roles 29 . In this case it is simply fortuitous that in the programmed operation of 2 one macrocycle favours a syn product and the other anti.
The stereodivergent synthesis of any of four possible diastereoisomeric products by a programmable molecular machine, including anti diastereoisomers not selectively available through conventional iminium-enamine tandem organocatalysis, illustrates the potential of artificial molecular machines in chemical synthesis. This firstgeneration machine augurs well for the development of small-molecule robots that can be programmed to manipulate substrates to control synthesis in a form of mechanosynthesis (that is, the use of mechanical constraints to direct reactive molecules to specific molecular sites 30 ), in a manner reminiscent of the molecular construction carried out in biology.
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